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Perovksite semiconductors have shown promise for low-cost solar cells, lasers and
photodetectors, yet their fundamental photophysical properties are not well under-
stood. Recent observations of a low (∼few meV) exciton binding energy and evidence
of hot phonon effects in the room temperature phase suggest that perovskites are much
closer to inorganic semiconductors than the absorber layers in traditional organic pho-
tovoltaics, signaling the need for experiments that shed light on the placement of per-
ovskite materials within the spectrum of semiconductors used in optoelectronics and
photovoltaics. Here we use four-wave mixing (FWM) to contrast the coherent optical
response of CH3NH3PbI3 thin films and crystalline GaAs. At carrier densities rele-
vant for solar cell operation, our results show that carriers interact surprisingly weakly
via the Coulomb interaction in perovskite, much weaker than in inorganic semicon-
ductors. These weak many-body effects lead to a dephasing time in CH3NH3PbI3 ∼3
times longer than in GaAs. Our results also show that the strong enhancement of
the exciton FWM signal tied to excitation-induced dephasing in GaAs and other III-V
semiconductors does not occur in perovskite due to weak exciton-carrier scattering
interactions.
Since the first integration of organo-lead trihalide per-
ovskites into photovoltaic devices,1 the efficiencies of so-
lar cells using this material as the primary absorber layer
have increased at an unprecedented rate, having reached
over 20% in just a few years.2 Progress in understanding
the fundamental physical properties of these materials
has been much slower to develop as the organic-inorganic
pervskites are much more complex than both the typical
organic semiconductors used in solution-processed pho-
tovolatics and traditional inorganic semiconductor solar
cell materials. The relative importance of excitons and
free carriers to the optical response and carrier trans-
port in perovskite systems has been the subject of con-
siderable controversy,3–14 although a consensus is now
emerging that excitonic effects are weaker than had pre-
viously been thought,3,12–14 with optical phonons and the
rotational motion of the CH3NH
+
3 cations being iden-
tified as an essential contributor to dielectric screening
and an associated reduction in the exciton binding en-
ergy (Eb).
3 Together with recent experiments showing
evidence of phonon bottleneck effects15 and the successful
interpretation of numerous dynamic optical experiments
considering only free carriers,15–22 this suggests that the
organo-lead trihalide perovskites are more similar to di-
rect band gap III-V semiconductors like GaAs (charac-
terized by Eb ∼ 4 meV) than solution-processed organics
in which excitonic effects govern both optical excitation
and transport.23 Nevertheless, many open questions re-
main regarding the fundamental photophysical proper-
ties of these promising photovoltaic materials.
Here we contrast the coherent carrier dynamics in
solution-processed perovskite films with the inorganic
semiconductor GaAs using the powerful spectroscopic
technique of femtosecond four-wave mixing, providing in-
sight into where perovskite semiconductors fit into the
broader landscape of materials used in photovoltaic tech-
nology. In a FWM experiment, two laser pulses ~E1(t)
and ~E2(t−τd) with wave vectors ~k1 and ~k2 excite a third-
order polarization that emits in the direction 2 ~k2− ~k1 (see
Fig. 1, and Supplementary Information). The magnitude
of the emitted signal, often referred to as self diffraction,
versus the delay time τd probes the decay of quantum
coherence within the system of electron-hole pairs ex-
cited by the laser pulse, providing a direct measurement
of the time scale tied to the strongest scattering process
following optical excitation. Interactions within the sys-
tem of excited carriers and/or excitons lead to additional
contributions to the self-diffraction signal, making this
technique especially sensitive to many-body effects.24 As
a result of this high sensitivity, fundamental interactions
such as electron-electron scattering or exciton-free carrier
scattering, which together with electron-phonon coupling
govern the relaxation, drift and diffusion of carriers fol-
lowing optical excitation in an operating device, may be
studied at low carrier densities reflective of solar cell op-
erating conditions.
While evidence of many-body effects such as Auger
recombination and band gap renormalization have
been observed in perovskites at large carrier densi-
ties >∼1×1018 cm−3,15,17,25 our experiments demonstrate
that at densities relevant for solar cell device opera-
tion Coulomb-mediated scattering plays a negligible role
in carrier dephasing, indicating that charge carriers in
CH3NH3PbI3 interact surprisingly weakly. This finding
represents an unexpected divergence from the inorganic
semiconductors such as GaAs, in which such many-body
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2effects contribute at densities as low as 1013 cm−3, and
are stronger than all competing interactions for temper-
atures up to 300 K and carrier densities down to 1015
cm−3.27–31,33 In addition to causing a three-fold larger
10 K interband dephasing time relative to GaAs, our re-
sults show that the weak many body effects in perovskite
have the consequence that the dramatic enhancement
of the exciton FWM signal in GaAs tied to excitation-
induced dephasing does not occur. These weak many-
body effects highlight a fundamental difference in the na-
ture of charge carrier scattering in perovksite relative to
inorganic semiconductors, with crucial implications for
both understanding charge dynamics following optical
excitation and for optimizing solar cell performance.
Weak exciton-carrier scattering in CH3NH3PbI3
The four-wave mixing response of the CH3NH3PbI3 film
is shown in Fig. 2(a), illustrating the variation of the
signal characteristics as the center photon energy of the
laser pulse is tuned relative to the band gap energy. For
these results, the perovskite film was held at 200 K in a
liquid N2 cryostat. The corresponding results for GaAs
at 200 K are shown in Fig. 2(b). Despite a similar esti-
mated exciton binding energy in the room temperature
phase of CH3NH3PbI3 and GaAs,
3,12,13 as well as a sim-
ilar Urbach energy,34 the coherent response from the two
materials differs dramatically. In GaAs, the FWM signal
consists of a prominent exciton peak, and a broad peak
at higher energy associated with unbound electron-hole
pairs excited on optical transitions above the band gap.
In contrast, for the pervoskite sample the FWM signal
is smooth and featureless for all laser tuning conditions:
Only the overall magnitude of the response varies with
laser tuning (Fig. 2(c)). The spectral dependence of the
FWM signal from the perovskite film at 200 K is simi-
lar to the laser excitation spectrum (Supplementary Fig.
S4), indicating only a free carrier response. The results
of FWM experiments on the perovskite film at 10 K are
shown in Fig. 3(a). In addition to the interband response
above the band gap, a weak shoulder below the band gap
is apparent and attributed to the FWM response of the
exciton.26 FWM results on GaAs at 10 K are shown in
Fig. 3(c). While in perovskite the exciton and interband
signals are comparable in magnitude, in GaAs a giant ex-
citon FWM signal is detected. The large exciton signal
measured in GaAs exceeds the interband response by a
factor of approximately 15.
The large exciton signal observed in the FWM re-
sponse of GaAs, which contrasts with the linear absorp-
tion spectrum at 200 K that shows no discernible exciton
(Fig. 2(d)), has been studied extensively and is tied to
scattering between the excitons and free carriers medi-
ated by the Coulomb interaction (see Supplementary In-
formation for more details).27–31 This many-body inter-
action, typically referred to as excitation-induced dephas-
ing, results in an additional FWM signal at the exciton
that is proportional to the slope of the density dependent
dephasing rate. This EID signal is much larger than the
non-interacting exciton self-diffraction signal (i.e. the re-
sponse expected from a simple two-level system), allow-
ing the exciton FWM signal to persist in GaAs to tem-
peratures beyond 250 K despite the small exciton binding
energy of 4 meV. This many-body signal is easily distin-
guished from a non-interacting signal because the width
of the exciton peak versus delay is determined by the
bandwidth of free carrier transitions excited by the laser
pulse rather than the intrinsic dephasing rate of the exci-
ton, a consequence of interference between contributions
to the overall exciton diffraction signal from free carriers
at different energies.28–31
It is important to note that the lack of a strong FWM
signal tied to excitons in CH3NH3PbI3 does not imply
that excitonic effects (including Sommerfeld enhance-
ment in the vicinity of the band gap) are weak. Excitonic
effects result from the Coulomb interaction between elec-
trons and holes and dictate the ground state excitations
of the system. In contrast, our results provide direct in-
sight into the strength of many-body effects, which con-
cern the coupling of electron-hole pairs with each other
and lead to a hierarchy of interactions and associated
FWM signal contributions.32 In GaAs, the EID signal
at the exciton results from four-particle correlations tied
to scattering between bound and/or unbound electron-
hole pairs. The lack of a strong exciton signal in the
results of FWM experiments on the perovskite sample
indicates that such scattering interactions are weak (or
equivalently that the exciton dephasing rate is not de-
pendent on the excited carrier density, corresponding to
a negligible EID coefficient), in sharp contrast to GaAs.
A large exciton tied to the same EID many-body pro-
cess has been observed in experiments on a range of in-
organic semiconductors (GaAs, InGaAs, InP, Ge) and
in a variety of situations in such materials (quantum
well excitons, magneto-excitons, and excitons tied to the
spin-orbit split-off band gap).28–31 Furthermore, strong
exciton-carrier scattering has been observed in these sys-
tems at densities as low as 1×1013 cm−3.27 The weak
exciton response in the perovskite thin film suggests that
exciton-carrier scattering effects are negligible in this sys-
tem, representing a fundamental departure from the inor-
ganic semiconductors with respect to many-body interac-
tions, and thus a fundamental difference in the physical
processes governing carrier relaxation and transport in
these materials.
Long interband dephasing time in CH3NH3PbI3:
Weak carrier-carrier scattering
The coherence decay time (τ) indicates the time scale as-
sociated with the fastest scattering events for either elec-
trons or holes following optical excitation, including po-
tential interactions with defects, phonons or other charge
carriers. τ was extracted from the decay of the FWM
signal versus the interpulse delay by fitting the 10 K re-
sults for perovskite and GaAs to a standard photon echo
response35 (see Supplementary Information for more de-
tails). The delay dependence of the FWM signal was
3analyzed at a detection energy 10 meV above the band
gap, yielding the scattering times associated with low-
energy unbound electron-hole pairs. The dephasing time
extracted from the results on the perovskite sample in
Fig. 3(a) is 220 fs, well above the time resolution of the
experiments (∼50 fs). The results for GaAs in Fig. 3(c)
yield a dephasing time of 60 fs. The slower coherence
decay for electron-hole pairs in CH3NH3PbI3 is surpris-
ing given the relatively high density of defects present
in the solution-processed film. The density of defects
in similar films has been estimated at 1×1016 cm−3 to
2×1017 cm−3,36,37 much larger than in crystalline GaAs
for which the defect densities are typically <∼1014 cm−3.
The slower carrier dephasing in CH3NH3PbI3 relative
to GaAs is due to much weaker Coulomb scattering be-
tween free carriers in the perovskite sample, as shown
in Fig. 4, which shows τ versus the optically-injected
carrier density (neh, evaluated using the measured total
absorbed power from both excitation beams, laser rep-
etition rate, sample thickness and measured laser spot
size). The rapid interband dephasing process in GaAs
has been well characterized and is governed by strong
carrier-carrier scattering, described by a dephasing rate
1
τ =
1
τ0
+ cn
1
3
eh, where the
1
3 exponent describes carrier-
carrier scattering in the bulk film (i.e. for carriers with
3 degrees of freedom of motion), c is the EID coefficient,
and the offset 1τ0 is due to coupling to phonons.
38 Fig. 4
shows the measured dephasing time at 10 K from our
GaAs film as a function of neh. For comparison, the
results of measurements in bulk GaAs at 300 K from
Ref. [38] are also shown in Fig. 4. All of the measured
results for GaAs fit well to the 1/3 power law, showing
dominant carrier-carrier scattering. In Ref. [38] the 1/3
power law was found to hold over three orders of mag-
nitude in density, down to 2×1015 cm−3, and a strong
dependence of the dephasing rate on carrier density has
been observed in earlier studies in GaAs for neh as low
as 1×1013 cm−3.27
The dephasing time for the CH3NH3PbI3 sample is in-
dependent of neh over the accessible measurement range
down to 4×1015 cm−3. (The range of accessible carrier
density is limited by laser power on the high side and
signal to noise and on the low side.) The 10 K mea-
sured value for τ in GaAs of 60 fs corresponds to a more
than 3-fold shorter value in crystalline GaAs than in the
solution-processed CH3NH3PbI3 film. These results in-
dicate that, at the densities relevant for solar cell device
operation (<∼1016 cm−3), Coulomb-medicated carrier car-
rier scattering is negligible within the perovskite system,
in contrast to GaAs in which such effects strongly domi-
nate.
Role of Defects: Comparison to
Low-temperature-grown GaAs
A possible explanation for the weak many-body effects
we observe in CH3NH3PbI3 is strong carrier localiza-
tion tied to the high density of defects in the solution-
processed film.25 Recent calculations using density func-
tional theory suggest that the density of deep defects is
low in this system, accounting for the long observed diffu-
sion lengths tied to weak non-radiative recombination,22
but that there is still a high density of shallow point
defects tied to methylammonium interstitials and lead
vacancies.39 In addition to these shallow point defects,
a shallow spatially-varying potential is present associ-
ated with long-range correlated orientations of methy-
lammonium molecules, which results in static disor-
der at low temperatures and dynamic disorder at room
temperature.40 The shallow local potential fluctuations
caused by the above defects and correlated MA orienta-
tions can lead to charge localization, which may reduce
the strength of Coulomb coupling between charge carriers
in CH3NH3PbI3.
In order to gain insight into the potential role of de-
fects in reducing many-body effects, here we contrast the
FWM responses of the GaAs and perovskite samples with
corresponding measurements on a companion GaAs sam-
ple grown at a lower substrate temperature (250◦C), for
which defects are intentionally incorporated. The result-
ing material is commonly referred to as low-temperature-
grown GaAs (LT-GaAs), and has been studied exten-
sively over the past two decades due to its applicability
to THz sources and detectors.41 Growth at 250◦C leads
to excess As, including a large density (∼1×1019 cm−3)
of AsGa antisite defects and As clusters that cause both
mid-gap trap states and local potential fluctuations.41
The results of FWM experiments on the LT-GaAs sam-
ple are shown in Fig. 3(b). The FWM spectrum consists
of a distinct exciton peak and a broadband response as-
sociated with the transitions above the band gap, similar
to the results in GaAs (Fig. 3(c)) albeit with a weaker
fractional response from the exciton in comparison to the
interband transitions and a broader exciton response re-
flecting the faster dephasing rate in LT-GaAs. A shoul-
der is also observed for photon energies below the exci-
ton in LT-GaAs, which has been attributed to the Ur-
bach band tail tied to As disorder.42 The key observa-
tion for the purposes of this work is that the exciton fea-
ture remains in the FWM response of LT-GaAs despite
the large amount of disorder. Recent prepulse four-wave
mixing experiments have confirmed that the observed
exciton peak in LT-GaAs is caused by exciton-carrier
scattering.43 The dephasing process of free carriers is also
dominated by carrier-carrier scattering in LT-GaAs, as
shown in Fig. 4.
The dominant influence of many-body effects on the
carrier kinetics in LT-GaAs mimics the situation in
GaAs, suggesting that the high density of defects in the
LT-GaAs film does not strongly reduce interactions be-
tween charge carriers. The origin of the weak Coulomb
interactions among carriers in the CH3NH3PbI3 system,
which possesses a lower defect density than LT-GaAs by
several orders of magnitude, is therefore unclear. Nev-
ertheless, a role played by disorder cannot be ruled out
as carrier localization effects will be a sensitive function
4of the depth and correlation length of the defect-induced
local potential fluctuations.44 Both the nature of defects
and their influence on charge localization are currently
under intense investigation in the methylammonium tri-
halide perovskite family of materials.39,40
Conclusions and Outlook
The emergence of CH3NH3PbI3 for high efficiency solar
cell applications has introduced a complex yet urgent ma-
terials science challenge in the need to unravel the pho-
tophysical properties of these materials, for which the
combination of both organic and inorganic constituents
has led to unexpected high performance as well as sub-
tle complexities. This fundamental understanding must
be developed in the context of competing technologies
based on organic and inorganic solar cell materials. The
scattering processes that occur during carrier relaxation,
drift and diffusion are especially crucial to device func-
tion. While incoherent techniques such as pump probe
spectroscopy have provided valuable information about
carrier cooling and recombination, assessing the relative
strength of the operative scattering processes is essential,
especially at carrier densities relevant for an operating
solar cell device. Direct access to such scattering pro-
cess necessitates a coherent optical probe that measures
the time scale for decay of quantum coherence within
the electron-hole pair system, reflecting the transition be-
tween the quantum kinetic and thermal regimes following
optical excitation of the semiconductor.
By contrasting the coherent nonlinear optical response
of a CH3NH3PbI3 thin film with crystalline GaAs, our
experiments illuminate crucial differences between per-
ovskites and inorganic semiconductors used in solar cells
and optoelectronics. At densities relevant for solar cell
device operation, there is no evidence of many-body ef-
fects in perovskite, despite the fact that such effects
strongly dominate the carrier kinetics in inorganic group
III-V and group IV semiconductors. In addition, no exci-
tonic feature is observed in the high temperature phase of
perovskite and only a weak exciton response is observed
in the low temperature phase down to 10 K, in contrast to
GaAs which exhibits a prominent excitonic feature at all
temperatures up to 250 K. We show that the weaker ex-
citon FWM signal for CH3NH3PbI3 is due to negligible
exciton-carrier interactions. Our experiments highlight
the need for further studies to characterize disorder and
it’s potential influence on carrier localization within the
organic-inorganic perovskite solar cell materials.
Methods
Methods and any associated references are available in
the online version of the paper.
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7Figures.
FIG. 1: (Right) Transient four-wave mixing spec-
troscopy: Interference of ~E2 with the coherent polarization
density excited by ~E1 results in a spatially-modulated carrier
density in the semiconductor sample. Self-diffraction of ~E2
(non-interacting two-level system) or the polarization density
excited by ~E2 (via many-body interactions within the sys-
tem of electron-hole pairs) constitutes the four-wave mixing
signal emitted along 2 ~k2- ~k1. Top left: Methyl-ammonium
lead-iodide perovskite crystal structure. CH3NH3 (blue), Pb
(green), I (purple). Bottom left: Absorption spectrum versus
temperature, indicating the phase transition around 160 K.8
8FIG. 2: Comparison of four-wave mixing response at
200 K from the CH3NH3PbI3 thin film and single
crystal GaAs. The amplitude of the four-wave mixing sig-
nal normalized to the peak value (colour scale) is shown as
a function of the time delay between the two excitation laser
pulses and the detection energy (ED) for different values of
the detuning of the laser energy (EL) from the band gap en-
ergy (Eg) (∆E≡ED-Eg). a Results on CH3NH3PbI3, with Eg
= 1.606 eV, and laser tuning from 1.600 eV (bottom panel)
to 1.642 eV (top panel). b Same results for GaAs, with Eg =
1.465 eV and laser tuning from 1.465 eV (bottom panel) to
1.503 eV (top panel). GaAs shows separate responses from
the exciton and free carrier transitions, where the strong ex-
citon peak is caused by Coulomb coupling of the exciton with
the free carriers via excitation-induced dephasing. In con-
trast, the CH3NH3PbI3 shows only a signal from free carrier
transitions. c Linear absorption (red) is shown with spectral
slices of the contour plots in a at zero delay for CH3NH3PbI3.
d Same data for GaAs. For GaAs, the laser tuning deter-
mines the relative size of the exciton and free carrier response,
whereas in perovksite only the magnitude of the free carrier
response varies with tuning.
9FIG. 3: Four-wave mixing results for CH3NH3PbI3,
low-temperature-grown GaAs, and GaAs at 10 K. Up-
per panels: FWM signal (contour scale) versus pulse delay
and photon energy. Lower panels: spectral cuts at zero delay
together with laser spectrum. The band gap for each sample is
indicated by the dashed line. LT-GaAs and GaAs both show
an exciton response caused by exciton-carrier scattering, in-
dicating that defect-induced localization associated with the
high density of defects in the LT-GaAs film (∼1019 cm−3)
does not suppress many-body effects. For the perovskite sam-
ple, only a weak exciton signal relative to the interband re-
sponse is observed and the coherent emission persists to longer
time scales than GaAs or LT-GaAs, indicating weak many-
body interactions tied to exciton-carrier and carrier-carrier
scattering.
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FIG. 4: Electron-hole pair dephasing times versus
the excited carrier density for CH3NH3PbI3, low-
temperature-grown GaAs, and GaAs. The 10 K results
for GaAs and LT-GaAs from Ref. [45] were taken on the same
samples as studied in this work. The 300 K GaAs experimen-
tal data and fit were extracted from Ref. [38]. The dephasing
time for perovskite is >3 times larger than GaAs under the
same conditions and is independent of carrier density, indicat-
ing that carrier-carrier scattering does not contribute to de-
phasing. This contrasts with GaAs, for which carrier-carrier
scattering dominates over all other interactions at densities
down to 1×1015 cm−3 and temperatures up to 300 K.27,38
